Programmed cell death 4 (Pdcd4) is a novel tumor suppressor. The Pdcd4 gene was first identified as a differentially expressed mRNA when cells were treated with apoptosis inducers (40) . Pdcd4 gene expression is up-or down-regulated in response to apoptosis inducers (3, 9, 40, 51) . Despite its name, the role of Pdcd4 in programmed cell death remains unclear.
A differential display of mRNA analysis of mouse epidermal JB6 variants demonstrated that Pdcd4 is highly expressed in JB6 P Ϫ (transformation-resistant) but not P ϩ (transformationsusceptible) cells (11) . Reduction of Pdcd4 protein in P Ϫ cells by antisense Pdcd4 is accompanied by acquisition of a P ϩ phenotype (11) . Overexpression of sense Pdcd4 in stably transfected P ϩ cells renders them resistant to tetradecanoyl phorbol acetate (TPA)-induced transformation and inhibits the expression of tumor phenotype in JB6 transformed cells. This indicates that elevated Pdcd4 protein is sufficient to inhibit tumor promoter-induced transformation and to suppress tumor phenotype (47, 48) . Moreover, mice transgenic for Pdcd4 are resistant to skin tumorigenesis and tumor progression (22) . Pdcd4 suppresses TPA-induced transformation and tumor phenotype as well as tumorigenesis by specifically inhibiting AP-1 but not NF-B or serum response element (SRE)-dependent transcription (47, 48) . Pdcd4 inhibits AP-1-dependent transcription by inhibiting the transactivation but not the synthesis of c-Jun and c-Fos (48) . These findings suggest that Pdcd4 might suppress tumor progression by regulating the signal transduction pathways leading to AP-1 transactivation. Although Bitomsky et al. (5) recently showed in an in vitro kinase assay that Pdcd4 inhibits Jun N-terminal kinase (JNK) activity, the mechanism by which Pdcd4 inhibits JNK kinase activity remains unclear.
Yeast two-hybrid, immunoprecipitation, glutathione S-transferase (GST) pull-down, and immunolocalization analyses have established that Pdcd4 binds to eukaryotic translation initiation factor 4A (eIF4A) and eIF4G (18, 24, 46) . Pdcd4 inhibits the helicase activity of eIF4A and inhibits translation in both the rabbit reticulocyte lysate system and transfected cells (45, 46, 50) . Binding to eIF4A is required for Pdcd4 to inhibit translation. Pdcd4 mutants inactivated for eIF4A binding fail to inhibit translation in transfected cells (45) . In addition, binding to eIF4A and consequent inhibition of translation initiation appear to be required for Pdcd4 to inhibit AP-1-dependent transcription, because Pdcd4 D418A , a mutant inactivated for binding to eIF4A, fails to inhibit either translation or AP-1-dependent transcription (46) . These findings suggest that inhibition of AP-1-dependent transcription by Pdcd4 occurs through inhibiting translation of regulatory factors that control the activation of AP-1-dependent transcription. The mRNAs targeted by Pdcd4 are unknown. AP-1 regulates several events required for cell invasion, including expression of matrix metalloproteinases (MMPs) (4, 13, 14) and cell motility (35, 41) . Increased expression or activation of AP-1 component proteins enhances invasion (20, 32) . In addition, inhibition of AP-1 activity by dominant negative c-Jun, TAM67, suppresses invasion and other events in tumor progression (17, 26, 49) .
Pdcd4 expression shows a progressive decrease with human cancer progression in some disease sites. Analysis of Pdcd4 expression in human lung tumor cell lines and primary lung carcinomas revealed that loss of Pdcd4 expression correlates with tumor progression (10) . In addition, protein expression patterns in NCI 60 human cancer cell lines and a set of human breast cancer cell lines showed reduced expression of Pdcd4 protein in the more progressed tumor cell lines (1, 23) . These findings suggest that Pdcd4 may act to suppress tumor progression. In order to elucidate the mechanism by which Pdcd4 inhibits the c-Jun activation important for invasion, we stably overexpressed Pdcd4 in human colon carcinoma RKO cells. The results showed that Pdcd4 inhibits JNK kinase activity, JNK phosphorylation, c-Jun phosphorylation, AP-1-dependent transcription, and RKO cell invasion. Pdcd4 targets the expression of MAP kinase kinase kinase kinase 1 (MAP4K1, also known as hematopoietic progenitor kinase 1 [HPK1]), a kinase upstream of JNK (MAP1K). By targeting MAP4K1, Pdcd4 inhibits events important in driving invasion, namely, JNK activation and consequent AP-1-dependent transcription. Pdcd4 does not target JNK directly but targets upstream activities.
MATERIALS AND METHODS
Antibodies. The MKK4, phospho-MKK4, JNK, phospho-JNK, c-Jun, phospho-c-Jun (Ser63 or Ser73), and phosph-ERK1/2 antibodies were purchased from Cell Signaling. The MAP4K1 (or HPK1) (N-19) antibody was purchased from Santa Cruz Biotechnology. The Pdcd4 antibody was generated as previously described (47) .
Construction of plasmids. The Pdcd4 lentivirus expression plasmid used to generate lentivirus containing recombinant Pdcd4 was created by using the ViraPower Lentiviral Gateway expression kit (Invitrogen). Briefly, the Pdcd4 cDNA was cloned into pDONR201 vector by using BP Clonase and named pDONR-Pdcd4. The Pdcd4 cDNA was then excised from the pDONR-Pdcd4 plasmid and inserted into the pLenti6/V5-DEST vector by using LR Clonase and termed pLenti-Pdcd4. The dominant negative MAP4K1 cDNA was excised from pCI-HPK1-M46 (29) , ligated into NheI and NotI sites of the pcDNA3.1ϩ/Zeo vector (Invitrogen), and named pMAP4K1(m46). The pMAP4K1 (wild-type MAP4K1 expression plasmid) was mutated Met to Lys at position 46 of pMAP4K1(m46). All constructs were sequenced to confirm the DNA sequence.
Virus production and transduction. Virus was produced using the ViraPower lentiviral expression system (Invitrogen) according to the manufacturer's protocol. Briefly, pLenti-Pdcd4 and pLenti-control (pLenti6/V5-DEST with the ccdB gene deleted) were cotransfected with the mixture of the packaging plasmids (Invitrogen) into 293 FT cells. After 72 h, the viral supernatant was collected by centrifugation at 3,000 rpm for 15 min. The viral titer was determined by transduction of RKO cells with serial dilutions of the viral supernatant and colony counting after blasticidin selection (8 g/ml).
The viral supernatant was added to RKO cells (1 ϫ 10 5 cells/well in a six-well plate) at a multiplicity of infection of 5 with 6 g/ml Polybrene. After 24 h, the medium was replaced with fresh McCoy's medium with 10% fetal bovine serum (FBS). After an additional 24 h, the cells were collected for functional assays or selected by blasticidin.
Cloning the MAP4K1 promoter. The MAP4K1 promoter (1.2 kb) was cloned by PCR. In the first PCR, a fragment was amplified by Pfu polymerase-dependent PCR using forward primer 1, 5Ј-GGCACGGCGTCCTCAAGGACGGGA ACAGG-3Ј, reverse primer 1, 5Ј-CCGCTGTAGCAGGTCATAGTGGTCC-3Ј, and human genomic DNA isolated from RKO cells as template. In the nested PCR, the MAP4K1 promoter (1.2-kb) fragment was amplified by Pfu polymerase-dependent PCR using nested forward primer 2, 5Ј-GGCTGCCACGTG ACTTCTTCCTCGCAGG-3Ј, reverse primer 2, 5Ј-GGGTCCACGACGTCCA TCCCTGG-3Ј, and the first PCR product as template. This MAP4K1 promoter (1.2 kb) was then cloned into a pGL3-Basic vector (Promega) and named pMAP4K1-LUC.
Cell culture, transfection, and luciferase activity assay. The colon carcinoma RKO cells were kindly provided by Douglas Boyd (MD Anderson Cancer Center). Cells were grown in McCoy's medium containing 10% FBS, 2 mM Lglutamine, and 500 U/ml penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO 2 in air. RKO cells (3 ϫ 10 4 cells/well in a 24-well plate) were transfected with a total of 1.2 g of DNA (as described in the figure legends) using 2 l of Fugene 6 (Roche Applied Science). After 4 to 6 h, 1 ml fresh McCoy's medium with 10% FBS was then added into each well. After 48 h, the cells were lysed by 1ϫ passive lysis buffer (Promega) and assayed for luciferase activity as previously described (47) .
In vitro migration assay. Migration assays were performed using 48-well Boyden chambers with 10 g/ml collagen IV-coated polycarbonate membranes (8-m pore; Neuro Probe). One hundred thousand cells were resuspended in McCoy-bovine serum albumin (BSA; 0.1%) medium and placed on the upper well. Epidermal growth factor (EGF) was diluted into McCoy-BSA medium at 20 ng/ml and added to the lower well. Chambers were incubated at 37°C for 22 h, after which filters were removed, fixed, and stained with 0.1% (wt/vol) crystal violet and then mounted on glass slides. After removal of nonmigrated cells, cells that had migrated were quantitated by densitometric scanning and image analysis of the fixed and stained cells (Personal Densitometer SI and ImageQuant software; Molecular Dynamics).
Matrigel invasion assay. The modified Boyden chamber cell invasion assay was carried out according to the manufacturer's instructions (BD Biosciences). Pdcd4-overexpressing RKO (RKO-Pdcd4) cells or control RKO (RKO-vector) cells (1 ϫ 10 5 cells/ml) were suspended in McCoy-BSA (0.1%) medium and seeded onto Matrigel-coated Transwell filters (8-m pore size) in Biocoat Matrigel invasion chambers (BD Biosciences). EGF was diluted into McCoy-BSA medium at 20 ng/ml and added to the lower well. Chambers were incubated at 37°C for 22 h, after which filters were removed, fixed, and stained with 0.1% (vol/wt) crystal violet. The number of cells that had invaded through the filter into the lower compartment was determined by counting five random areas.
Gelatin zymography. RKO cells (5 ϫ 10 5 cells per well) were plated onto Matrigel-coated (30 g/ml) six-well plates. After 72 h, the conditioned medium was collected, clarified by centrifugation, concentrated by Centricon YM-30 (10:1 concentration; Millipore), and separated in nonreducing polyacrylamide gels containing 0.1% (wt/vol) gelatin. The gel was incubated with 1ϫ Zymogram renaturing buffer (Invitrogen) for 30 min at room temperature, 1ϫ Zymogram developing buffer (Invitrogen) for 30 min at room temperature, and 1ϫ Zymogram developing buffer at 37°C for overnight. The gel was then stained for protein with See Blue and photographed. Proteolysis was detected as a white zone in a dark field.
JNK kinase assay. The JNK kinase activity was assayed by using a SAPK/JNK assay kit (Cell Signaling). Briefly, 2 ϫ 10 6 cells were lysed in 1ϫ cell lysis buffer (Cell Signaling) plus protease inhibitor and incubated on ice for 1 h. After centrifugation, an aliquot (250 l) of supernatant was added to 2 g (20 l) of c-Jun fusion protein beads and incubated with gentle rocking overnight at 4°C. The beads were then washed with 500 l of 1ϫ cell lysis buffer twice and 1ϫ kinase buffer (Cell Signaling) once. The beads were suspended in 50 l of kinase buffer and incubated for 30 min at 30°C. The reaction was terminated by adding 25 l of 3ϫ sodium dodecyl sulfate (SDS) sample buffer (Cell Signaling). The proteins were separated on 10% NuPage bis-Tris polyacrylamide gel (Invitrogen) and Western blotted using phospho-c-Jun (Ser63) antibody.
Preparation of cell lysates and Western blot analysis. RKO cells were washed with phosphate-buffered saline twice and lysed in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1ϫ protease inhibitor mixture [Roche Applied Sciences]). After incubation on ice for 1 h, the supernatant was collected by centrifugation at 14,000 rpm for 10 min. Protein concentration was determined by using the BCA protein assay kit (Pierce). Aliquots containing 15 g protein were separated on a 10% NuPage bis-Tris polyacrylamide gel and transferred to a nitrocellulose membrane. The proteinbound membrane was incubated with antibody (as indicated in the figure legends), followed by horseradish peroxidase-linked immunoglobulin G, and visualized by chemiluminescence (ECL; Amersham).
Northern blot analysis. The total RNA was isolated from Pdcd4-overexpressing RKO cells (or control RKO cells) using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Ten micrograms of RNA was separated on a 1% formaldehyde gel and transferred to a nylon membrane (Roche Applied Sciences) as previously described (47) . The membrane was prehybridized with NorthernMax prehybridization/hybridization buffer (Ambion) for 30 min, hybridized by incubation with 32 P-labeled MAP4K1 cDNA in NorthernMax prehybridization/hybridization buffer, and then washed according to the manufacturer's instructions.
Microarray analysis. Fluorescence-labeled cDNA was generated by reverse transcription of 20 g of total RNA from RKO-Pdcd4 or RKO-vector cells using the Superscript III indirect cDNA labeling system (Invitrogen) and Cy3/Cy5-mono reactive dyes (Amersham Pharmacia Biotech). Cy3-labeled test samples and Cy5-labeled universal control (Stratagene) cDNA samples were combined and concentrated using Microcon YM-30 filter units (Millipore). Samples were diluted in F-hybridization buffer (25% formamide, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% SDS containing 10 g human Cot-1 DNA, 10 g poly(dA), and 4 g tRNA) and hybridized to 22K oligonucleotide array slides overnight at 42°C. The slides were then washed with 2ϫ SSC and 0.1% SDS, 1ϫ SSC and 0.1% SDS for 2 min, and 0.2ϫ SSC for 2 min.
Microarrays were scanned and processed using a GenePix 4000A microarray scanner in combination with GenePix Pro 4.0 software (Axon Instruments Inc.). Data analysis was performed using the MADb program suite (http://nciarray.nci .nih.gov) and Microsoft Excel. Data sets representing differentially expressed genes were selected according to the following criteria: (i) mean intensities beyond the threshold set at 500 units and at least two standard deviations above background, (ii) mean signal differences of Ն2.0-fold for duplicate comparisons between cDNAs from RKO-Pdcd4, RKO-Pdcd4 mutant 418, and RKO-vector cells.
RESULTS
Pdcd4 inhibits c-Jun phosphorylation, JNK activity, and AP-1-dependent transcription. To circumvent the limited efficiency and sensitivity associated with transient transfections, we generated a recombinant lentivirus containing Pdcd4 (lentivirus-Pdcd4). RKO cells were transduced with recombinant lentivirus-Pdcd4 at a multiplicity of infection of 5, selected by blasticidin for 10 to 12 days, and designated as RKO-Pdcd4. As shown in Fig. 1A , the RKO-Pdcd4 cells produced an approximately four-to fivefold-higher Pdcd4 protein level than the cells transduced with lentivirus-empty vector (designated RKO-vector cells). This result indicates that the recombinant lentivirus-Pdcd4 is able to transduce RKO cells and give rise to stable Pdcd4 expression. It is noteworthy that overexpression of Pdcd4 in RKO cells does not induce apoptosis or alter the cell cycle (Fig. 1B ). This contrasts with the reported observations of Pdcd4 inhibiting proliferation in human carcinoid cells (19) and inducing apoptosis in human breast cancer cells (1) .
Previously we demonstrated that Pdcd4 suppresses AP-1-dependent transcription in mouse epidermal JB6 cells (47, 48) . The mechanism of inhibition involves suppression of c-Jun transactivation (48) . To investigate whether Pdcd4 inhibits the phosphorylation of c-Jun in RKO cells, we performed a Western blot assay using antibodies against phospho-c-Jun (Ser-63) or phospho-c-Jun (Ser-73). The levels of phospho-c-Jun were two-to threefold lower in the RKO-Pdcd4 cells than in the RKO-vector cells (Fig. 1C) . The reduction of c-Jun phosphorylation found in the RKO-Pdcd4 cells occurs posttranslationally, because the total protein levels of c-Jun are similar in the RKO-Pdcd4 cells and the RKO-vector cells (Fig. 1C) . Although others (5) have found that the amount of ectopically expressed c-Jun is decreased in the presence of Pdcd4, the results shown here demonstrate that Pdcd4 does not inhibit endogenous c-Jun expression, in agreement with our previous report (48) . Since phosphorylation of c-Jun is primarily attributable to JNK (44), we asked whether Pdcd4 inhibits JNK kinase activity. As shown in Fig. 1D , the JNK kinase activity in RKO-Pdcd4 cells was approximately 20% to 30% of that seen in RKO-vector cells, whereas the levels of bound JNK protein are similar. This finding suggests that Pdcd4 inhibits JNK kinase activity, resulting in inhibition of c-Jun phosphorylation at serines 63 and 73.
To test whether Pdcd4-inhibited c-Jun phosphorylation produces inhibition of AP-1-dependent transcription in human colon carcinoma RKO cells, we cotransfected a Pdcd4 expression plasmid (pcDNA-Pdcd4) with a 4ϫ AP-1 luciferase reporter gene (4ϫ AP-1-LUC). Pdcd4 inhibited basal AP-1-dependent transcription in a concentration-dependent manner (Fig. 1E) . AP-1-dependent transcription was approximately 60% inhibited at a 4:1 ratio of pcDNA-Pdcd4 to 4ϫ AP-1-LUC. Concentrations as high as a 6:1 ratio of pcDNA-Pdcd4 to reporter also showed approximately 60% inhibition. In contrast, Pdcd4 did not inhibit transcription expected to be JNK independent, namely, that regulated through the SRE (Fig.  1F) . In addition, the TPA-induced AP-1-dependent transcription was approximately 50% inhibited at a 5:1 ratio of pcDNAPdcd4 to 4ϫ AP-1-LUC (Fig. 1G) . These findings indicate that Pdcd4 inhibits both basal and TPA-induced AP-1-dependent transcription and that inhibition of AP-1-dependent transcription by Pdcd4 in RKO cells occurs, at least in part, through inhibition of c-Jun phosphorylation.
Pdcd4 specifically regulates the JNK signal transduction pathway. To investigate whether Pdcd4 regulates the JNK signal transduction pathway, cell lysates from RKO-Pdcd4 and RKO-vector cells were separated on SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and incubated with various antibodies (Fig. 2B) . The levels of phospho-MKK4 and phospho-JNK were two-to threefold lower in the RKO-Pdcd4 cells than in the RKO-vector cells, whereas the levels of total MKK4 and JNK proteins were similar with and without ectopic Pdcd4 expression. This indicates that Pdcd4 regulates MKK4 and JNK activities posttranslationally (Fig. 2B) . These results also indicate that Pdcd4 regulates a kinase that is upstream of MKK4 and JNK. In contrast, the levels of phospho-ERK were similar in RKO-Pdcd4 and RKOvector cells, indicating that Pdcd4 specifically regulates the JNK but not the ERK signal transduction pathway. Phosphop38 in both RKO-Pdcd4 and RKO-vector cells was undetectable (data not shown).
Pdcd4 inhibits the transcription of MAP4K1. In order to identify a Pdcd4 target gene that regulates the JNK signal transduction pathway, we performed cDNA microarray assays. The ultimate objective of the microarray analysis is to identify one or more mRNAs whose expression is regulated transcriptionally by proteins whose synthesis is sensitive to Pdcd4 inhibition. The total RNA from RKO-Pdcd4 cells and RKO-Pdcd4 mutant 418 cells was isolated and labeled with Cy3 and cohybridized with Cy5-labeled universal human control on 20K human oligonucleotide arrays. A total of 412 genes were downregulated more than 2.0-fold in RKO-Pdcd4 cells relative to RKO-Pdcd4 mutant 418 cells. Known AP-1 targets SER-PINA1, STAT6, MMP7, HMGA1, and FGFR1 were among the Pdcd4 down-regulated genes. MMP-7 (7) and HMGA1 (16, 37) are known to be involved in tumor progression or metastasis. MAP4K1 was the only one of the 412 down-regulated genes on the JNK signaling pathway (2). MAP4K1 mRNA expression was three-to eightfold suppressed by Pdcd4. MAP4K1, also designated hematopoietic progenitor kinase 1, is a kinase upstream of JNK that regulates the activity of JNK kinase in hematopoietic and other cells (21) . Ectopic expression of MAP4K1 activates JNK activity and strongly elevates AP-1-dependent transcription (21) . In contrast, expression of dnMAP4K1 mutant inhibits JNK kinase activity (52) .
To confirm the results of the microarrays, Northern and Western blot analyses were performed. As shown in Fig. 3A , the MAP4K1 mRNA level in RKO-vector cells was approximately fivefold higher than that in RKO-Pdcd4 cells. The level of MAP4K1 protein in RKO-vector cells was approximately twofold higher than that in the RKO-Pdcd4 cells (Fig. 3B) . These findings suggest that Pdcd4 acts pretranslationally to inhibit MAP4K1 mRNA synthesis or stability.
To test whether Pdcd4 inhibits transcription from the MAP4K1 promoter, we cloned the human MAP4K1 promoter (1,201 bp) and fused it to a luciferase reporter gene (pMAP4K1-LUC). As shown in Fig. 3C , cotransfected Pdcd4 inhibits MAP4K1 promoter activity in a concentration-dependent manner. MAP4K1 promoter activity was approximately 75% inhibited at a 4:1 ratio of pcDNA-Pdcd4 to pMAP4K1-LUC. This transcriptional inhibition is relatively specific for MAP4K1, as luciferase expression driven by other transcriptional promoters, including SRE (Fig. 1F) or NF-B (47), is not inhibited by Pdcd4. The lack of inhibition of SRE-LUC or NF-B-LUC expression also eliminates the possibility that Pdcd4 could be inhibiting pMAP4K1-LUC expression at the level of luciferase translation (the luciferase construct lacks a structured 5Ј untranslated region [UTR]). Others have reported that Pdcd4 can interfere with transcriptional enhancement by the c-Jun-p300 interaction (5). To ascertain whether c-Jun-p300 enhancement might apply to MAP4K1 transcription, we cotransfected a c-Jun expression plasmid with MAP4K1-LUC; this produced no effect on MAP4K1 promoter activity. Expression of P300 enhanced the luciferase activity driven by the MAP4K1 promoter, but this enhanced luciferase activity was not inhibited when the Pdcd4 expression plasmid was cotransfected (data not shown). Therefore, although other transcriptional promoters may be so regulated, inhibition of transcription from the MAP4K1 promoter by Pdcd4 appears not to occur through attenuation of c-Jun and/or P300 enhancement. Thus, transcription from the MAP4K1 promoter is inhibited by Pdcd4. Because Pdcd4 is a translation inhibitor that preferentially inhibits translation of 5ЈUTR structured mRNAs such as those encoding oncogenes or transcription factors (45, 46) , Pdcd4 may translationally regulate transcription factors or transcription factor activators required for transcription of MAP4K1. To test the hypothesis that Pdcd4-inhibited MAP4K1 mRNA expression occurs as a consequence of Pdcd4-inhibited translation, a Pdcd4 mutant expression plasmid, pcDNA-Pdcd4 D418A , which is defective for binding to eIF4A and for inhibition of translation (41, 42) , was transfected with MAP4K1-LUC. As shown in Fig. 3D , Pdcd4 D418A did not inhibit luciferase activity driven from the MAP4K1 promoter at a 4:1 ratio of pcDNA-Pdcd4 D418A to MAP4K1-LUC. This result suggests that Pdcd4 translationally controls MAP4K1 expression.
Inhibition of invasiveness, cell migration, and ECM protease activity by Pdcd4. Down-regulation of JNK activity and AP-1-dependent transcription inhibits tumor cell invasion (17, 34, 42) . Because Pdcd4 inhibits activation of JNK and AP-1-dependent transcription in metastatic RKO cells (Fig. 1) , elevating Pdcd4 would be expected to suppress RKO cells' invasive ability. To examine whether Pdcd4 inhibits cell invasion, we assayed the capacity to pass through a Matrigel barrier in a modified Boyden chamber assay. RKO-Pdcd4 cells (or RKOvector cells) were placed in the upper well of the invasion chamber, and the attractant (EGF, 20 ng/ml) was placed in the lower well. After 22 h, the unmigrated cells were removed and the cells that had migrated to the lower face of the membrane were stained with 0.1% crystal violet. As shown in Fig. 4A and B, the ability of RKO-Pdcd4 cells to invade through Matrigel was approximately 50 to 60% reduced compared to RKOvector cells, while RKO-vector and wild-type cells had a similar invasive ability. This change in invasion led us to examine the effects of Pdcd4 on cell migration and extracellular matrix (ECM) protease activity, two components of the invasion process. The cell migration assays were performed as the Matrigel invasion assays were, except in the absence of Matrigel. The ability of RKO-Pdcd4 cells to migrate through the membrane was reduced approximately twofold relative to the RKO-vector cells (Fig. 4C) . To investigate whether Pdcd4 suppresses ECM protease activity in Pdcd4-overexpressing RKO cells, we performed Zymogram assays. The conditioned medium from RKO-Pdcd4 cells (or RKO-vector cells) was separated on a polyacrylamide gel containing 0.1% gelatin and stained with 0.2% Coomassie blue. As shown in Fig. 4D , the conditioned medium from the RKO-Pdcd4 cells had less protease activity than that from control cells (Fig. 4D ), indicating that Pdcd4 inhibits the expression or activity of ECM protease. The first band was identified as MMP2 (data not shown), whereas the second and third bands were unidentified MMPs. These findings indicate that Pdcd4 inhibits RKO cell invasion at least in part through inhibition of cell migration and ECM protease activity. Inactivation of MAP4K1 activity contributes to inhibited invasiveness. MAP4K1 is a kinase upstream of JNK that regulates the activation of JNK (52) . Ectopic expression of a dnMAP4K1 in which methionine is substituted in place of lysine 46 inhibits MAP4K1 kinase and JNK activities (21, 52) . In order to determine whether inhibition of MAP4K1 activity by Pdcd4 contributes to suppression of the invasive ability in RKO cells, we stably transfected a dnMAP4K1 expression plasmid. The pooled cells were selected for zeocin resistance for 14 days. Figure 5A shows that dnMAP4K1 [pMAP4K1(m46)] was expressed in stably transfected cells designated m46-1 and m46-2. The level of phospho-c-Jun in m46-1 and m46-2 cells was three-to fourfold lower than that in vector control cells. In agreement with previous findings (52), this result indicates that overexpression of dnMAP4K1 inhibits transactivation of c-Jun. It is noteworthy that inhibiting c-Jun activation by dnMAP4K1 is specific, because MAP4K1 has been demonstrated to inhibit transforming growth factor ␤-induced but not UVC-induced JNK activation (48) . In addition, dominant negative MAP4K5 but not dnMAP4K1 blocks the UVC-induced JNK activation.
To further test whether overexpression of dnMAP4K1 inhibits AP-1-dependent transcription, the dnMAP4K1 expression plasmid [pMAP4K1(m46)] was cotransfected with the 4ϫ AP-1 luciferase reporter gene (4ϫ AP-1-LUC) into RKO cells. Pdcd4 inhibited AP-1-dependent transcription in a concentration-dependent manner (Fig. 5B) . AP-1-dependent transcription was approximately 60% inhibited at a 4:1 ratio of pMAP4K1(m46) to 4ϫ AP-1-LUC. These dnMAP4K1-expressing cells (m46-1 and m46-2 cells) were further analyzed for Matrigel invasion. The ability of m46-1 and m46-2 cells to (Fig. 5C ), whereas the vector control cells (C-1 and C-2 cells) showed invasive abilities similar to wild-type RKO cells. The finding that inactivation of MAP4K1 suppresses RKO cell invasion demonstrates that MAP4K1 activity is required for invasion. Expression of MAP4K1 protein rescues c-Jun phosphorylation from Pdcd4 inhibition. To determine whether MAP4K1 is a functionally significant target of Pdcd4 when it inhibits JNK signaling, we performed a stable transfection of pMAP4K1 (or empty vector) into RKO-Pdcd4 cells. After selection for zeocin resistance for 14 days, the pooled cells were assayed for expression of MAP4K1 and phosphorylated c-Jun. As shown in 
DISCUSSION
Pdcd4 suppresses colon carcinoma cell invasion by a novel mechanism. The suppression occurs at least in part through inhibition of MAP4K1 expression. Pdcd4 suppresses transformation and tumor phenotype by inhibiting c-Jun and c-Fos transactivation and, consequently, attenuating AP-1-dependent transcription (48) . The present study extends this mechanistic understanding to now implicate the JNK kinase activation pathway as a Pdcd4 target (Fig. 1) . Inhibition of JNK kinase activity by Pdcd4 is attributable to attenuated expression of MAP4K1, a kinase three steps upstream of JNK ( Fig. 2  and 3 ). Because JNK is the major kinase responsible for activating phosphorylation of c-Jun, these findings provide a mechanistic explanation for the inhibition by Pdcd4 of c-Jun transactivation and consequently of the AP-1 transactivation important to tumor progression.
Pdcd4 decreases the level of endogenous phospho-c-Jun but not of c-Jun protein in colon carcinoma RKO cells (Fig. 1 ). This contrasts with the observations of others (5) who reported attenuated levels of ectopically introduced c-Jun protein in quail fibroblast QT6 cells expressing Pdcd4. It is possible that QT6 cells may have higher protease activity than RKO cells or that ectopic and endogenous c-Jun are expressed or activated differently. Elevation of the Pdcd4 protein level in RKO cells is not sufficient to induce apoptosis or to alter the cell cycle (Fig. 1B) . Moreover, transgenic expression of Pdcd4 in mouse epidermis does not induce apoptosis in vivo (22) . Although Pdcd4 was initially identified as being up-regulated in response to apoptosis inducers (40) , cytotoxic chemotherapeutics have been found to inhibit Pdcd4 expression (3, 33) . Recently, Afonja et al. (1) showed that transient transfection of Pdcd4 cDNA induces apoptosis in breast cancer T-47D and MCF-7 cells (1). Our results dissociating Pdcd4 expression from apoptosis are in agreement with previous findings that overexpression of Pdcd4 cDNA does not induce apoptosis in NIH 3T3 cells (40) . A possible explanation for the discrepancies is that an additional factor present in breast cancer cell lines may be required for inducing apoptosis by Pdcd4, while this factor is deficient in RKO and NIH 3T3 cells as well as mouse epidermis.
Elevation of Pdcd4 protein in RKO cells inhibits Matrigel invasion, cell motility, and ECM protease activity (Fig. 3) . The suppression of RKO cell invasion by Pdcd4 appears to be attributable at least in part to inhibition of AP-1-dependent transcription (Fig. 1) . AP-1 is a transcription factor complex comprised of Jun-Jun homodimers or Jun-Fos heterodimers. The Jun protein family includes c-Jun, JunB, and JunD. The Fos protein family contains c-Fos, Fra-1, Fra-2, and FosB. AP-1 has been shown to regulate several events required for cell invasion, including expression of MMPs (4, 13, 14) and cell motility (35, 41) . Increased expression or activation of AP-1 component proteins enhances invasion (20, 32) . Cells transformed by oncogenic forms of Fos or Jun proteins are invasive (20, 26) . In addition, inhibition of AP-1 activity by dominant negative c-Jun, TAM67, suppresses invasive ability in keratinocytes (17) , fibroblasts (26) , and squamous carcinomas (49) and blocks papilloma-to-carcinoma conversion (12) . The inhibition of AP-1-dependent transcription by Pdcd4 (Fig. 1) is likely to contribute to suppression of RKO cell invasion (Fig.  3) . Transactivation of the AP-1 protein complex occurs principally through the MAPK cascade (38) . The MAPK signaling cascade includes three signal transduction pathways, i.e., JNK, ERK, and p38 signaling. JNK regulates the activation of c-Jun by phosphorylating it at Ser-63 and Ser-73. Suppression of JNK activity by blockade of the receptor for advanced glycation end products decreases tumor metastasis (43) . Moreover, the JNK inhibitor SP600125 represses c-Jun activation and type IV collagenase expression, required events for invasion. These findings indicate that suppression of JNK activity resulting in inhibition of AP-1 transactivation is an important mechanism for suppression of tumor cell invasion (42) .
The finding that Pdcd4 inhibits the expression of MAP4K1 mRNA and protein (Fig. 3) indicates that MAP4K1 is a molecular target of Pdcd4. MAP4K1 is a mammalian STE20-like protein serine/threonine kinase which activates the JNK signaling pathway (31) . MAP4K1 activates JNK through the signaling pathway MAP4K1 3 TAK1 3 MKK4 3 JNK (52) and does not affect other MAPK signaling pathways, including ERK and p38 signaling (25) . Therefore, MAP4K1 specifically enhances AP-1-dependent transcription through activation of c-Jun (29, 31) . Some reports suggest that MAP4K1 may inhibit AP-1 activity (30, 39) . It is possible that, by binding to different associated proteins, MAP4K1 may become a positive or a negative regulator of AP-1-dependent transcription (6) . MAP4K1 has been shown to play a critical role in T-cell activation (28, 39) . Although MAP4K1 is constitutively expressed in several tissues (21) , the function of MAP4K1 is still unclear. The observation that down-regulation of MAP4K1 suppresses invasive ability in RKO cells may suggest a motility-related function of MAP4K1 in normal tissues.
Previously, we have demonstrated that Pdcd4 is a binding partner of eIF4A that inhibits eIF4A's helicase activity (46) . Pdcd4 preferentially inhibits translation of mRNAs having secondary structure in the 5ЈUTR (45) . So-called "translationally repressed" mRNAs have been described which contain G-or C-rich regions in the 5ЈUTR with potential to form a stable secondary structure(s) in the 5ЈUTR (8, 36) . Typically, the products of such "translationally repressed" mRNAs are transcription factors, growth factors, or proto-oncogenes (15) . The mechanism by which Pdcd4 inhibits transcription from the MAP4K1 promoter (Fig. 4) may involve inhibiting translation of a transcription factor(s) or of a transcription factor activator(s) that is required for MAP4K1 transcription. Lankat-Buttgereit et al. (27) have recently reported that overexpression of Pdcd4 cDNA in HEK293 cells decreases the protein but not the mRNA level of carbonic anhydrase, suggesting that carbonic anhydrase may be a candidate translational target of Pdcd4. Direct translational targets of Pdcd4 have not yet been demonstrated.
In conclusion, in addition to inhibiting tumor promoterinduced transformation and tumor phenotype (47, 48) as well as tumorigenesis (22) , Pdcd4 suppresses human tumor cell invasion. MAP4K1 appears to be a critical target of Pdcd4 when it inhibits invasion. Inhibited MAP4K1 expression leads to inhibition of JNK activation and consequently to inhibition of AP-1 activity and invasion. Elevating or mimicking Pdcd4 expression may be a promising therapeutic strategy.
